Abstract mGluRs (metabotropic glutamate receptors) are G-protein-coupled receptors that play an important neuromodulatory role in the brain. Glutamatergic transmission itself plays a fundamental role in the simple nervous system of the model organism Caenorhabditis elegans, but little is known about the contribution made by mGluR signalling. The sequenced genome of C. elegans predicts three distinct genes, mgl-1, mgl-2 and mgl-3 (designated Y4C6A.2). We have used in silico and cDNA analyses to investigate the genes encoding mgls. Our results indicate that mgl genes constitute a gene family made up of three distinct subclasses of receptor. Our transcript analysis highlights potential for complex gene regulation with respect to both expression and splicing. Further, we identify that the predicted proteins encoded by mgls harbour structural motifs that are likely to regulate function. Taken together, this molecular characterization provides a platform to further investigate mGluR function in the model organism C. elegans.
Molecular characterization of the metabotropic glutamate receptor family in Caenorhabditis elegans

Introduction
The role of glutamate as a neurotransmitter is conserved across phyla [1] . The nematode Caenorhabditis elegans provides a simplified nervous system to study the functional organization of glutamatergic signalling [2] . Glutamate signals via two classes of receptor, the iGluR (ionotropic glutamate receptors), which are ligand-gated ion channels, and the G-protein-coupled mGluRs (metabotropic glutamate receptors) [3] . Both of these receptor classes are conserved across phyla and the experimental tractability of C. elegans has built on current understanding of mammalian ionotropic function to provide novel insight into their biology [4] . In contrast, there is limited investigation of invertebrate mGluRs and, although predicted to exist in C. elegans, the description of this gene family is limited [5] .
All eight mammalian mGluRs exhibit a heptahelical domain organization, and additional conserved structural and functional considerations subclassify them into three distinct groups [6] . Moreover, Group 1 (mGluRs 1 and 5), Group 2 (mGluRs 2 and 3) and Group 3 (mGluRs 4, 6, 7 and 8) receptors play distinct neuromodulatory roles in the mammalian brain [7] . In addition to selectively activating subtypes of G-protein, the distinct mammalian receptors harbour protein targeting and protein interaction motifs that are important in receptor function [8, 9] . Prominent among these are C-terminal domain PDZ-and EVH (Enabled/Vasp homology domain)-binding motifs, which bind to functionally important scaffolding proteins [10, 11] . We have investigated the molecular organization of mGluRs in C. elegans and defined their relationship with the better studied mammalian receptors.
Materials and methods
In silico analysis
Predicted protein sequences for mammalian mGluRs and Drosophila DmGluRA were accessed from NCBI (National Center for Biotechnology Information). Wormbase was used to access the predicted gene and protein sequences for mgl-1, mgl-2 and mgl-3 (http://www.wormbase.org). Phylograms for receptor proteins and the predicted protein sequence based on the matured mgl gene structures were performed using Clustal 1.83.
mRNA and cDNA templates
Total RNA was extracted from mixed stage Bristol N2 animals by the TRIzol R extraction method as described by the manufacturer (Invitrogen). Both reverse transcribed mRNA and C. elegans cDNA library (Origene) were used as template in the various amplification strategies detailed below.
RACE (rapid amplification of cDNA ends) amplifications
All 5 -RACE products analysed in the present study derived from two rounds of amplification using a 5 -RACE primer in the first reaction and a nested 5 -RACE primer in the second reaction as indicated below. In contrast, all the analysed 3 -RACE products were generated using a single amplification with a 3 -RACE primer. For these experiments, 1 µg of total RNA was used to perform first-strand cDNA synthesis and incorporate either the 5 -or 3 -RACE adaptor sequence as described by the manufacturer (SMART RACE cDNA amplification kit; Clontech). The RACE adaptor fused first-strand cDNA was used directly as the template for RACE PCR. RACE primers were designed using the available sequence information (Wormbase version WS100). The positions of various primers used are depicted on the predicted gene structures ( Figure 1 )
C-terminal domain amplification
Mixed stage cDNA was used as a template in reactions designed to amplify the sequences encoding the entire intracellular C-terminal domain of the receptors. This was done with primers encoding the 5 (5 -CT) end of this domain and 3 -end (3 -CT) encoding the last 8-10 amino acids preceding predicted stop codon (underlined).
SL (splice leader) analysis
SL primers were designed according to the published sequences for SL-1 (splice leader-1) (5 -GGTTTAATTACC-CAAGTTTGAG-3 ) and SL-2 (5 -GGTTTTAACCCAG-TTACTCAAG-3 ) respectively [12] . These were combined in a standard PCR reaction with mgl-1-5 -RACE and mgl-3 5 -nested RACE as required.
All PCRs were performed with the enzyme BD Advantage 2 (Clontech). The first round RACE reaction used suggested 'touchdown' parameters; all other PCR were performed under standard conditions (Clontech). The amplified fragments were gel-extracted (Qiagen) and ligated into a suitable vector before sequencing (MWG Biotech). The cDNA was aligned to mgl sequences using BLASTn (NCBI) and Wormbase.
Results and discussion
Three mgl genes were identified in the annotated C. elegans genome. Two of the three mgls have been assigned gene names, mgl-1 and mgl-2, whereas the other is assigned according to its cosmid name, Y4C6A.2 (designated mgl-3 herein). In silico analysis of the predicted MGL protein sequences (from Wormbase version WS100) derived from gene models (Figure 1 ) suggested inaccuracies in the mgl gene models. The hydropathy plot for MGL-1 and -3 exhibit the expected conserved heptahelical transmembrane organization, whereas a similar analysis for MGL-2 predicted an eighth transmembrane domain (results not shown). Furthermore the predicted N-terminal signal sequence of MGL-1 is longer (66 amino acids) and less hydrophobic than expected for a bona fide signal sequence. The above indicates that the mgl gene family was inappropriately defined, particularly with respect to the 5 -and 3 -ends of the genes.
To this end, we have matured the gene models for the three mgls and focused on defining the authentic 5 -and 3 -ends of these genes. (Figure 1) . The 3 -and 5 -ends were characterized using a RACE-based approach. In addition, the 5 -RACE was supplemented by SL-1 and SL-2 PCR amplifications. SL is a spliced leader sequence trans-spliced to the 5 -end of approx. 70% of C. elegans genes (SL-1 accounting for ∼57% and SL-2 accounting for ∼16%) [12] . 3 -RACE was supplemented by analysis of PCR amplification using primers designed to amplify the predicted C-terminal domain. RACE primers were designed to amplify overlapping 5 -and 3 -RACE products to provide a broad overview of the transcripts derived from the mgl genes.
mgl-1
The major mgl-1 nested 5 -RACE amplification identified that exon 1 ascribed in the initial gene model is intronic ( Figure 1A) . Furthermore, this analysis showed that the exon harbouring the likely start codon was 3 of exon 1 in the original gene model. The SL-1 amplification of mgl-1 identified two distinct transcripts trans-spliced to SL-1. The two transcripts differ by an approx. 109 nt non-coding exon and were distinct from the 5 -end identified by RACE ( Figure 1A ). The shorter of the SL-1-amplified 5 -ends (Figure 1A) confirms the position of the likely bona fide start codon. Although an alternative in-frame methionine residue exists in the transcripts amplified in the longer RACE reactions, this is unlikely to be used as it harbours a polyproline stretch that does not conform to bona fide signal sequences. Moreover, it was not identified in the longer SL-1 amplified transcript that does otherwise harbour the likely start methionine ( Figure 1A) . Importantly, the SL-1 and RACE analyses highlight that the 5 -end of mgl-1 is incorrectly predicted and that the 5 -end undergoes alternative splicing. Comparison of genome sequence in the 5 -end of the C. elegans and Caenorhabditis briggsae genes indicate sequence homology upstream and downstream of the 5 -regions identified by our RACE and SL-1 analysis (results not shown). This is consistent with our analysis identifying the bona fide 5 -end of mgl-1.
The mgl-1 3 -RACE amplified a single 1.7 kb product that contained a 101 bp 3 -UTR (3 -untranslated region; not including the polyA tail) (see Figure 1A) . Importantly, the 5 -end of this product lacked 48 bp that had been predicted to exist within sequence encoding the extracellular domain of the receptor adjacent to the first transmembrane domain. This region, predicted to lie within exon 12 of the original gene models, is likely to be intronic. Indeed the 16 amino acids (GKTISIFSSFRLSPFS) that it would encode were not conserved in this region, which is otherwise highly homologous in mammalian and invertebrate mGluRs. The 3 -RACE verified the position of the predicted stop codon and highlights that it is preceded by an amino acid sequence, -TFL, consistent with this receptor harbouring PDZ-binding domains that may scaffold receptor function.
mgl-2
The major mgl-2 nested 5 -RACE identified 50 nt of noncoding sequence 5 of the start codon. The RACE product supports the splicing boundaries of the first three introns of Figure 1B) . PCR amplification of mgl-2 cDNA encoding the C-terminal end of the receptor identified that this domain undergoes alternative splicing to generate two distinct 3 -ends. This finding was independently supported by the 3 -RACE. However, both of these splice variants are different from the 3 -end predicted in the original gene model. Moreover, sequence analysis of cDNAs amplified by PCR and 3 -RACE, when compared with genomic DNA, indicated that exons 11, 14 and 17 of the original gene model actually encoded intronic sequence ( Figure 1B) . Exon 14 corresponds to a sequence that would otherwise encode an eighth transmembrane domain, confirming the original suspicion that this was a misprediction. This has since been independently rectified in Wormbase.
The two splice variants differ by the use of an alternative splice donor in exon 16, which causes a size difference of 129 bp. The two variants define a common stop codon different from that predicted in the original model and both variants are predicted to end with a Class I PDZ ligand motif (-TPL). The 3 -RACE in addition identifies the entire 3 -UTR consisting of a 377 bp extension of exon 20 of the original gene model. The splicing and existence of receptor scaffolding motifs in the C-terminus of MGL-2 are consistent with this domain harbouring important molecular determinants known to modulate the signalling and/or cellular localization of such receptors [9, 13] .
mgl-3
mgl-3 5 -RACE cDNA identified a 68 nt 5 -extension of exon 1 and a more surprising 55 nt exon located approx. 15 kb upstream of exon 1 as defined by the original gene model. Assessment of the relative abundance of the transcripts containing sequence from the original exon 1 and the one spliced from sequence lying 15 kb upstream indicates that both were equally abundant messages. The mgl-3 5 -RACE product confirmed the splice acceptor site of exon 2 of the predicted gene model as well as the predicted translational start codon. An SL-1 amplification of mgl-3 5 -end identified a shorter splice variant that did not contain the more distal non-coding exon identified from the RACE. SL-1 was trans-spliced to exon 1 and it confirmed the presence of a 68 nt extension of exon 1. Both the RACE and the SL-1 trans-spliced amplifications confirmed the translational start codon predicted by the mgl-3 gene model. Importantly, the predicted 15 kb intron is not annotated with any genes, indicating the potential for distinct promoter elements to control expression of mgl-3 transcripts that contain distinct 5 non-coding DNA. Interestingly, reporter constructs encompassing 4 kb of sequence upstream of the originally predicated exon 1 gave sparse expression in C. elegans nervous system (T. Zeng, N.A. Hopper and V. O'Connor, unpublished work). Attempts to define mgl-3 expression will need to take into account these distal non-coding exons when designing gene reporter fusions to define mgl-3 expression. The analysis of mgl-3 cDNA encoding the C-terminal end of the receptor indicated that this domain undergoes alternative splicing. Three splice variants were identified, one of which confirmed the exon structure predicted in the original gene model ( Figure 1C; mgl-3i) . The second variant differed by the use of an alternative splice acceptor for exon 16, which causes the substitution of Thr 911 for the three amino acids isoleucine, serine and alanine (mgl-3ii). Both of these cDNAs encode C-terminal domains that end with three amino acids in a PDZ-binding motif (-TFL). The third variant showed that exon 15 is spliced out, causing a frame shift that introduces a new stop codon. The C-terminus encoded by this sequence is shorter and lacks a PDZ-binding motif ( Figure 1C; mgl-3iii) . The mgl-3 3 -RACE fragment corresponded to the first cDNA species, mgl-3i, confirming the predicted use exons 7-13 and the position of the predicted stop codon.
mgls define three subclasses of receptor
The matured gene models were used to generate predicted protein sequences and were aligned against existing mammalian mGluRs and a characterized Drosophila mGluR [5, 6] (Figure 2 ). This analysis revealed that the MGLs are as closely related to each other as they are to the most similar mammalian mGluR. This relationship suggests that each mgl may define a distinct subclass of mGluR (Figure 3) . Indeed, MGL-2 and MGL-3 seem to be most closely related to Group I and Group II mGluRs respectively (Figure 3) . In contrast, mgl-1 appears to be distantly related to Group I receptors rather than Group II receptors. However, the BLASTp algorithm scores Group II receptors as those most closely related to MGL-1 (results not shown). Taken together, this analysis suggests that MGL-2, MGL-1 and MGL-3 represent evolutionary precursors of the Group I, Group II and Group III mGluRs respectively. However, experimental verification using G-protein coupling, receptor pharmacology and/or downstream signalling will be required to test this supposition more rigorously. In conclusion, we have used a combination of in silico and 5 and 3 analyses of C. elegans cDNAs to highlight that the three predicted mgls in this model organism make up three distinct receptor subgroups. Further, the analysis of mgl transcripts indicates complex regulation of gene expression and splicing, while the predicted protein sequences highlight important structural motifs that are likely to be functionally important (Figure 3) . Taken together, this affords the view that the complex neuromodulatory function sub-served by mGluRs in the mammalian brain can be usefully modelled in the simple nervous system of C. elegans.
